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Abstract 
Particulate material accumulates in drinking water distribution systems (DWDS) and this can cause 
discolouration. To minimize customer complaints it is required to understand the influencing factors and determine 
an appropriate flushing frequency. The accumulation rates of two comparable DWDS were examined. Area A with a 
constant incoming water quality experiences a steady accumulation rate; area B with a more variable incoming water 
quality has a variable accumulation rate. The difference in accumulation rate is proportionate to the difference in the 
particle loading of the two areas and is thus largely determined by the difference in incoming water quality. The 
water quality into a DWDS is not only determined by the treatment works, but also by the material accumulation and 
resupsension in the trunk mains supplying it. Monitoring the particle loading of a DWDS part can help in 
determining the required flushing frequency.   
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1. Introduction 
It has been demonstrated that particulate material accumulates on pipeline surfaces in drinking water distribution 
systems (DWDS) and that when mobilized this material can cause discolouration and other water quality issues. 
Discolouration is the main reason customers complain about the water quality (Vreeburg and Boxall 2007). 
Vreeburg (2007) has shown that the discolouration risk is caused by particulate material and that it can be reduced 
with three types of measures: the first is to prevent material from entering the DWDS by optimising the water 
treatment (Husband and Boxall 2011; Vreeburg 2007); the second is to prevent material from accumulating in the 
DWDS, for example by designing self-cleaning networks with daily flow velocities that prevent residence  (Blokker 
et al. 2007) and the third is to remove material by cleaning (e.g. flushing) the DWDS in a timely manner (Vreeburg 
2007). In existing networks the first and second measures are typically capital expensive, so in practice a drinking 
water company will likely choose flushing. Material accumulation however is not equally distributed over the 
DWDS; some areas may foul faster than others. In order to prevent discolouration events timely flushing is required. 
But there are currently no tools to determine the optimal flushing frequency of a network. Waiting for customer 
complaints means that only reactive cleaning is done. More pro-active cleaning can be done by determing the 
discolouration risk via e.g. the RPM method (Resuspension Potential Measurements) (Vreeburg et al. 2004). In the 
Netherlands the flushing frequency of a network is based on water quality complaints and/or RPM. Water company 
PWN performs on average one RPM per 12.5 km of pipe, where the local result is assumed to be representative of 
the discolouration risk of a larger network. This is disputable as local circumstances such as pipe material, flows and 
regular boundary wall shear stresses may affect localised particle accumulation (Husband and Boxall 2009). In order 
to design an optimal flushing programme it is required to understand the factors that influence the accumulation rate.  
In a previous study (Mounce et al. 2015 , in press), a data-driven modelling approach was used to determine 
which factors influence the rate of discolouration material accumulation (RoDMA) in the DWDS, as described by 
total turbidity removed with flushing. This approach showed that next to bulk water iron concentration and pipe 
material, the temperature was an important factor in a Dutch DWDS. Also, it showed for the Dutch case study that 
the previous RoDMA was an excellent predictor; this means that the RoDMA seems to be fairly constant over time 
for a given network.  
For two areas in PWN’s DWDS the RoDMA was monitored over 6 years. The two areas in the DWDS are 
comparable. Both serve approximately 2000 households and have a similar composition of pipe diameters and 
materials (mainly Ø100 mm AC, approximately 10 km total pipe length); the average estimated residence time in 
both is 6 hours. The flow velocities in the pipes are also similar. The two areas are adjacent and a similar incoming 
water quality is expected. One area showed a repeatable RoDMA, but the other showed a large variation (Blokker et 
al. 2011a). And, even though the two areas seemed very similar, the RoDMA of the two areas is not the same. As 
neither the network configurations nor the demands changed over time, we investigated if the incoming water quality 
may be the reason for the changes in RoDMA, i.e. if the incoming water quality is different for the two areas and if it 
has changed over time and if this could explain the difference in RoDMA.   
2. Methods and materials 
2.1. Research areas 
Two areas in Purmerend in the Netherlands were studied. The Provincial Water Company North-Holland (PWN) 
built this network between the late 1960s and early 1980s. It is a conventional residential DWDS with large enough 
pipe diameters to supply the required fire flows. In 2006-2008 Purmerend had, from a Dutch perspective, a relatively 
high average of 1.5 discoloured water complaints per 1000 connections per year (Schaap and Drevijn 2009). The 
network was flushed in October 2008 and again in March 2010, October 2010, August 2013 and October 2014. 
From the decrease in discolouration complaints (Blokker et al. 2011b; Blokker et al. 2010) it was concluded that the 
cleaning of October 2008 was effective. The exact event history prior to October 2008 is unknown; it was last 
flushed approximately ten years before the measurements of 2008. No breaks occurred in this network; only some 
local work was done in repairing leaks, replacing a hydrant, or a section was isolated because work was done on e.g. 
crossing sewers. Furthermore, no hydrants were knowingly used for purposes other than the RPM measurements and 
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flushing actions that are described in this paper (Table 2). 
The two areas are very similar. Both areas have a similar network composition (Figure 1, Table 1) of 
approximately 10 km of pipes, mainly Ø100 mm AC. The networks contain no cast iron mains. The residence times 
within these networks are similar. Area A serves 2311 households through 12.3 km of pipes (Table 1). The content 
of the pipes (Ø50 mm < diameter < Ø300 mm) is 163 m3. Area B serves 1869 households through 10.0 km of pipes 
(Table 1). The content of the pipes (Ø50 mm < diameter < Ø300 mm) is 128 m3. With an average per capita 
consumption of 125 litres per day and an average household size of 2.3 persons the estimated theoretical residence 
time of the water in area A is 6.0 hours and in area B 5.8 hours. The annual demands in the networks are fairly 
constant. Also, both networks have a similar profile of maximum flow velocities as determined with a network 
model with realistic stochastic demand patterns. Area B seems to have slightly higher flow velocities, but the 
percentage of pipes that have flow velocities above the self-cleaning velocity of 0.2 to 0.25 m/s is equal (Blokker et 
al. 2010).  
 
Table 1. Network characteristics.  
 Area A Area B 
(12.3 km) (10.0 km) 
Ø63 PVC 5.5% < 2.0% 
Ø90 PVC < 2.0% 5.3% 
Ø100 AC 57.0% 54.4% 
Ø110 PVC 8.7% 13.5% 
Ø150 AC < 2.0% 12.6% 
Ø160 PVC 4.8% 4.1% 
Ø200 AC 14.0% 3.4% 
Ø250 AC 3.8% < 2.0% 
Ø300 AC < 2.0% 3.2% 
rest 4.7% 1.6% 
 
Table 2. Network configuration and operation 
A
rea 
Date Configuration Operation of valves 
A Oct ’08-Mar ’10 1 leak repair: 1 
Mar ’10-Oct ’10 1 x 
Oct ’10-Aug ‘13 1 leak repair: 1 
other reason: 1 
Aug ’13-Oct ‘14 1 leak repair: 3 
hydrant: 1 
other reason: 10 
B Oct ’08-Mar ’10 1 hydrant: 2 
Mar ’10-Oct ’10 2, with some closed valves hydrant: 1 
flushing: 1 
Oct ’10-Aug ‘13 1, 3  leak repair: 1 
hydrant: 2 
other reason: 1 
Aug ’13-Oct ‘14 3, with some pipes removed leak repair: 7 
hydrant: 3 
other reason: 1 
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Figure 1. Network layout. 
2.2. The source of the incoming water into the two areas 
The two areas potentially can be supplied by two different pumping stations, PS Hoorn (in the north) and PS 
Mensink (in the South), Figure 2. PS Mensink is known to supply water with a higher biological stability and lower 
turbidity than PS Hoorn. PS Hoorn is operated according to a table, based on an estimate of the total drinking water 
demand in the supply area. PS Mensink is pressure controlled to 280 kPa at a measuring location within the supply 
area. The usual operation is Figure 2A; when the demands change the situation of Figure 2B can occur; the situation 
of Figure 2C almost never occurs. PWN’s hydraulic model showed that the ratio of the two PS in the trunk main is 
an indicator for which supply situation is valid: when the ratio is > 39% situation A occurs, when the ratio is < 33% 
situation B occurs and when the ratio is < 5 % situation C occurs. Between 33% and 39% it depends on the time of 
day whether A or B is valid, this means that over the day water from both the north and the south enters area B. Note 
that the water from the south may still be from PS Hoorn after a flow direction reversal, from PS Mensink actually 
means from the direction of PS Mensink.    
 
   
Figure 2. Supply option into the two areas. A) both are supplied from PS Hoorn; B) area A is supplied from PS Hoorn and area B is supplied 
from (the direction of) PS Mensink; C) both are supplied from PS Mensink. The pipe from PS Hoorn to PS Mensink is a Ø900 mm trunk main; 
the pipe bifurcating from this and supplying the areas A and B is a Ø500 mm main.  
In September 2014 the incoming turbidity at the main entrance into area A and B was measured for 5 days (Hach 
Lange Ultraturb SC100 with a per 5 seconds logging frequency). To calculate the total particle loading of the 
system, the sum of the turbidity was multiplied with the total volume into the system based on average daily 
consumption and divided by the total length of the areas.  
2.3. Measuring network RoDMA 
The material that leads to discolouration problems can be studied through controlled flushing tests (Vreeburg 
2007). The flushing programmes were carefully designed (Blokker et al. 2010; Schaap and Blokker 2011) with the 
following conditions (Vreeburg 2007) using the flushplanner®:  
1. Work from a clear water front; flush only from a supplying pipe that is already clean. 
2. Use a flushing velocity of at least 1.5 m/s. 
3. Flush the pipes for two to three turnovers, i.e. until the pipe volume has been renewed two to three times; or 
stop when the turbidity is below 0.6 FTU.  
The flushing programme indicated the hydrants to use, which valves to open and close before and after each 
flushing action and the required flow and flushing duration.  The flushing programmes were adjusted several times, 
see Table 3.  
Table 3. Flushing programmes.  
Time End of Flushing programme of area 
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period A B Info 
Oct 2008  A1 B1 Flushing took 8 days 
Mar 2010 1 A2 B2 Improved flushing: 4,5 days 
Oct 2010 2 A2 B3 17 valves were closed in area B, this affected the flushing plan  
Aug 2013 3 A3 B3 Some pipes were removed in area A, this affected the flushing plan.  
Oct 2014 4 A4 B4 Further optimization of flushing for measuring turbidity. Pipe stretches that were used in more than 
one flushing action were minimised.  
Some pipes were removed in area B, this affected the flushing plan. 
 
During the flushing, a fraction of the flushing water (50 - 100 l/h) was led to a measurement unit with a 2 m (Ø 10 
mm) hose. The turbidity of the flushed water was measured with a Hach Lange Ultraturb SC100 with a per 5 
seconds logging frequency. The flushing flow was measured with a MID flow meter (Elster Q4000 high flow 80 
mm). The analysis of the flushing results showed the cleaning of the network was successful, i.e. a low turbidity at 
the end of each flushing action.  
The total accumulated material (TAM, in FTU•L/m), of the two networks was determined by all (N) flushing 
results, as the sum of the turbidity T (of all turnovers, i.e. of time j = 1 to the end of the flushing action, time =  M) 
multiplied by the logging time step ('t), multiplied by the flushing flow rate (Qi) and divided by the total flushed 
length (L). This means that all material removed during flushing is taken into account in determining the average 
fouling of both networks. 
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For the calculation of the TAM, the flushing flow rates Qi were determined from a number written down during 
flushing, because the flushing flows were not logged. However, we found that the increase from 0 to a stable flow 
rate takes approximately 20 to 30 seconds (Schaap and Blokker 2011). With a turbidity logging frequency of 5 
seconds, this means that the first 4-6 readings of the turbidity meter were actually done at a lower flow velocity 
which will lead to a small error in the calculation of the TAM. For future research it is advisable to log Qi.  
When we assume TAM to be 0 after flushing, or at least nothing remaining that would be flushed away with 
slightly higher flushing shear stresses, the RoDMA may be expressed as TAM per month by dividing the TAM by 
the number of months between two flushing actions. This assumes that each consecutive flushing only resuspends 
material that accumulated since the previous flushing, not from before that. This is more plausible when flushing 
flows are not increasing over time. In this case, flushing flows were increased slightly, but on average only a 10% 
change was found.  
3. Results and discussion 
3.1. The source of the incoming water into the two areas 
In September 2014 the turbidity at the main entrance into area A and B was measured (see Figure 3). If we 
compare the total incoming mass per length (as the average incoming turbidity T, multiplied by the average system 
flow Q, divided by the length L, Table 1) for area B to area A, we find, with QB/QA determined by the ratio between 
the number of residents in areas B and A, that this ratio of B/A is equal to  
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Figure 3. Incoming turbidity into area A and B (5 – 10 September 2014).  
Figure 4 shows how the ratio of the supply varies over time. It appears that Area A is always supplied (more than 
95%) with water from PS Hoorn. Area B is sometimes supplied 100% from PS Hoorn (when the ratio is > 39%), 
sometimes 100% from PS Mensink (when the ration is < 33%), and other times it is a mix. In Q3 2011 the ratio 
equals zero; a second trunk main (Ø 800 mm PVC) was then installed. This did not affect the threshold for when the 
situation of Figure 2A or Figure 2B occurred; but after 2011 (in period 3 and 4) area B was supplied more often from 
PS Mensink.  
This means that the water quality into area A and B is likely different and for area B it has changed over time. In 
September 2014 (situation of Figure 2B) the incoming turbidity into area B was found to be 25% lower than into 
area A. It is not known what the differences were for the other periods since 2008.  
In January 2014, the turbidity close to the entrance of area B was measured. On 14 and 16 January PS Hoorn, 
because of maintenance, did not supply water and situation Figure 2C occurred for two days. Figure 5 shows the 
daily ratios from Figure 4, but also the ratios in a shorter time step which shows when the change between situation 
A, B and C would take place. Figure 5 clearly shows when situation C starts and ends. The turbidity during these 
two weeks was fairly steady, with some peaks. On 10 and 17 January a flushing action was done nearby at the hours 
of the peaks in turbidity indicated with the red dots. Other peaks in turbidity such as in the evening of 14 January and 
the evening of 16 January coincide with the change from situation C to B (or A). This figure indicates the change 
between the different flow situation affects the incoming turbidity into area B.  
  
 
Figure 4. Ratio of the flow of the two pumping stations over time. The vertical lines indicate the moments when the areas were flushed. Ratio 
< 5% indicates situation C from Figure 2, 5 – 33% situation B, > 39% situation A, a mix of A and B over the day between 33 and 39%.   
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Figure 5. Turbidity into area B and ratio from PS Hoorn (green squares are daily ration, see Figure 4; green line is ratio per 15 minutes) in 
January 2014. De red circles indicate flushing actions nearby. 
3.2. Measuring network RoDMA 
The measured RoDMA is shown in Table 4 (Blokker et al. 2011a). The length of the period prior to October 2008 
is unknown, therefore the fouling rate (TAM/month) could not be determined. As we assume that area A and B had 
the same fouling time (previous flushing in the same year) we can still calculate the ratio between B and A.  
Table 4. Fouling rate over time for the two networks. 
Period Date # months TAM (FTU*L/m)  RoDMA (TAM/month) Ratio B / A 
A B A B 
 Oct ‘08 N.N. 884.9 2004.6 N.N. N.N. 2.27 
1 Mar ‘10 17 452.2 1118.6 26.6 65.8 2.47 
2 Oct ‘10 7 187.6 281.4 26.8 40.2 1.50 
3 Aug ‘13 34 564.4 982.6 16.6 28.9 1.74 
4 Oct ‘14 14 399 291.2 28.5 20.8 0.73 
 
For area A Table 4 shows it has the same RoDMA in period 1, 2 and 4, but a lower one in period 3 (30% lower).  
x Area A is almost always supplied by PS Hoorn, so it is unlikely that during period 3 the incoming turbidity 
was lower than during the other three periods.  
x Period 3 was much longer than the other periods. This may mean that there is a ceiling to the TAM. 
However, the TAM measured in October 2008 (885 FTU•L/m) was much higher than in August 2013 (564 
FTU•L/m).  
x Turbidity can be viewed upon as a surrogate parameter for mass. Material entering the network accumulates 
and may compact over time, where the density thus increases. This may result in a lower turbidity per mass 
unit. For longer times (period 3) this may mean that the same RoDMA in terms of mass could result in a 
lower RoDMA (TAM/month) in terms of turbidity. We have no measurements to confirm this hypothesis, it 
would require further research. 
 
For area B Table 4 shows a decreasing RoDMA each flushing time. It is difficult to draw any conclusions on the 
fouling rate of area B. 
x In period 2 some valves were closed in order to make sure the area had more uni-directional flows and 
higher flow velocities. This means that less accumulation was expected. As area A showed a constant 
fouling rate between period 1 and period 2, it was concluded that this change in configuration reduced the 
fouling rate. This was also shown in some other networks (Blokker et al. 2011a; Blokker et al. 2011b).  
x During period 3 a few pipes were removed in area A, and in period 4 some pipes were removed in area B. 
This hardly changed the total length of the networks and only locally changed some flow velocities. But 
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work was done on the pipes and after the work the surrounding pipes were flushed. This means, that the 
TAM was affected in this period, i.e. in between flushings some particulate material was resuspended and 
removed and thus the TAM would be lower. This would have a relatively large effect in the shorter period 
(period 4), so effecting more the TAM of area B in period 4 than the TAM of area A in period 3.  
x In period 3 and 4 the incoming water quality for area B changed to a higher percentage supplied by PS 
Mensink (Figure 4). This could mean a lower loading of area B because PS Mensink yields a lower 
turbidity.  
x This change between Figure 2A and B also means that the Ø900 mm trunk mains were showing a variable 
flow around the bifurcation (the location where the Ø500 mm main which transports water towards area B 
is branching off). This could mean that just around this bifurcation the Ø900 mm transport main is 
collecting accumulated material, which could be resuspended at the flow direction reversal. This 
resuspended material is then transported into area B. The incoming water quality in area B is then not just 
determined by the water quality from the pumping stations, but also by the effect of the material 
accumulation and resuspension in the trunk mains. Figure 5 shows that the change between situation C and 
A or B leads to more turbidity peaks into area B. As in period 1 and 2 there seem to be more changes 
between situation A and B or C than in period 3 and 4, the higher RoDMA in periods 1 and 2 may be a 
result of that.  However, since we do not have turbidity measurements from that period, this is a mere 
speculation.  
 
The ratio between the RoDMA of area B and A Table 4 is variable. As the RoDMA of area A is fairly steady, this 
is mainly related to the decrease in RoDMA of area B.  
x The ratio between TAM in area B and A in period 4 is equal to 0.73 (Table 4). This is almost equal to the 
ratio between the turbidity loading of the two areas as measured in September 2014 (Section 3.1). This 
suggests that the reason for the difference in fouling rate between area A and B is determined by the 
incoming water quality. Area A is always supplied by the same PS, and it shows a relatively constant 
fouling rate. Compared to area A, area B is supplied more often from the south, which means potentially 
water from another PS and water with resuspended particulate material due to flow direction reversals in 
the transport mains.  
4. Conclusions 
The rates of discoloration material accumulation of two very comparable drinking water distribution systems 
were compared to each other and to the turbidity loading of the two systems. It was found that area A with a fairly 
constant incoming water quality has a steady rate of material accumulation; area B with a more variable incoming 
water quality has a variable rate of material accumulation. In September 12014 , the ratio between the two rates of 
material accumulation was equal to the ratio of the turbidity loading of the two systems. This suggests that the 
difference in material accumulation rate between systems that have similar layouts, pipe lengths, flow velocities etc. 
is largely determined by the difference in incoming water quality, defined by the turbidity loading (turbidity 
multiplied with the total water volume). The loading of a part of the DWDS is not only determined by the water 
quality from the treatment works, but also by the material accumulation and possibly resupsension in the trunk main 
supplying the area. The results suggest that monitoring the loading of a DWDS part or DMA can help in determining 
the required flushing frequency for this part of the system.   
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